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Optical sources in the blue spectral region are of interest for a variety of scientific and technological applications including optical data storage and display, imaging, and photobiology. For high-repetition-rate femtosecond pulse generation, birefringent materials of ␤-BaB 2 O 4 , and KNbO 3 are attractive candidates, with the recently developed BiB 3 O 6 also representing a highly promising crystal.
1 However, there remains a continued need for other materials with improved optical characteristics, such as enhanced nonlinearity and flexible phase-matching properties, for this spectral range.
Quasi-phase-matched ͑QPM͒ nonlinear crystals are now recognized as versatile and highly attractive material candidates for a wide range of frequency conversion applications. The flexibility offered by quasi-phase-matching allows access to increased nonlinear optical coefficients, permits wavelength generation within the entire transparency window of the material, and facilitates noncritical phase matching over arbitrarily long interaction lengths without the effects of beam walkoff and focusing.
Of a number of QPM materials, periodically poled LiNbO 3 has been firmly established as the most prominent crystal for frequency conversion applications in the infrared. However, its use for wavelength generation in the visible and ultraviolet is hampered by photorefractive damage. Periodically poled KTP ͑PPKTP͒ represents an attractive material candidate for this spectral range due to increased resistance to photorefractive damage, high effective nonlinearity ͑d eff ϳ 8 pm/V͒, and wide transparency to below 400 nm.
At the same time, the development of QPM materials for visible and ultraviolet frequency conversion places stringent tolerance demands on the fabrication of shorter grating periods. However, ongoing advances in poling technology continue to yield shorter grating periods of improved quality and uniformity over increased interaction lengths for first-order quasi-phase matching at lower wavelengths. This has enabled second-harmonic generation ͑SHG͒ of 17 ps pulses in a 10 mm PPKTP crystal, 2 yielding an average power of 250 mW at 9% conversion efficiency at 460 nm and SHG of 170 fs pulses in an 8 mm PPKTP waveguide, providing 5.6 mW of blue power at ϳ20% conversion efficiency at 424 nm.
3 In an early experiment, SHG of femtosecond pulses was reported at ϳ4% efficiency in a 9 mm crystal, providing 16 mW of average power at 390 nm. 4 The major limitation to efficiency in this work was identified as the large group velocity mismatch ͑GVM͒ of femtosecond pulses in PPKTP, rendering the material suitable for frequency doubling of picosecond pulses into the ultraviolet and blue.
Here, we demonstrate that despite the limitations imposed by GVM, efficient SHG generation of femtosecond pulse into the blue is possible with PPKTP at practical powers and at high efficiencies competitive with waveguide devices. We report average blue powers of as much as 320 mW at conversion efficiency of ϳ20%. We also demonstrate significant temperature tuning, present accurate calculation and measurements of spectral and spatial acceptance for phase matching, and report temporal characterization of the blue pulses using cross-correlation measurements.
The PPKTP crystal used in our experiments was 2 mm long and 1 mm thick.
5 It incorporated a single grating with a period of 4 µm for first-order QPM SHG at a calculated fundamental wavelength of 842.4 nm at room temperature ͑25°C͒. The fundamental pulses were derived from a Ti:sapphire laser ͑Coherent, Mira͒, providing ϳ130 fs pulses at 76 MHz repetition rate with an average power of up to 1.9 W over a tunable range 750-950 nm. The SHG experiments were performed in simple single-pass geometry, with the focusing conditions within the crystal carefully optimized using various lenses, with the optimum performance obtained with a 60 mm focal length lens. The results of the measurements are shown in Fig. 1 . The maximum average secondharmonic power obtained was 320 mW for 1.64 W of fundamental power, corresponding to a conversion efficiency of ϳ20%. The data correspond to a measured wavelength of 845 nm at room temperature, which is longer than the value of 842.4 nm calculated at 25°C. This discrepancy could be due to small angular deviations of the crystal from normal incidence, which result in small increases in grating period, to which the QPM wavelength is particularly sensitive in this spectral range. We calculate that at 25°C, the grating period corresponding to a wavelength of 845 nm is 4.047 µm. The power and efficiency results in Fig. 1 represent values for SHG of ultrashort pulses in PPKTP. Also, at the maximum input power, there is still no evidence of saturation in SHG efficiency.
To ascertain the role of GVM in SHG power and efficiency, we calculated the magnitude of GVM and the corresponding full width at half maximum ͑FWHM͒ spectral acceptance for QPM SHG over a range of fundamental wavelength from 700 nm to 2 µm. The results at a temperature of 25°C are shown in Fig. 2 . The magnitude of GVM varies from ϳ74 fs/ mm at 2 µm to 2895 fs/mm at 700 nm. At 845 nm, GVM is 1322 fs/mm. The corresponding FWHM spectral acceptance varies from 0.025 nm cm at 700 nm to ϳ7.94 nm cm at 2 µm. At 845 nm, the acceptance bandwidth is 0.0806 nm cm.
Given the importance of GVM and spectral acceptance, we confirmed our calculations by direct measurement of the latter parameter. To eliminate any errors due to the broad bandwidth of fundamental pulses, we used the pump laser in continuous wave operation, and to minimize any phasemismatch effects due to strong focusing, diffraction, and beam divergence we employed long distance focusing using a f = 1 m lens. We further apertured the input fundamental before the crystal to eliminate any residual phase mismatch due to the angular spread of the beam. In this way, we were able to measure SHG powers in the µW range and accurately determine the spectral acceptance for phase matching. The results at the fundamental wavelength of ϳ845 nm are shown in Fig. 3 , together with the numerical calculation. As can be seen, there is excellent agreement between the data and characteristic sinc 2 phase-matching profile calculated numerically. The measured FWHM spectral acceptance is 0.42 nm for the 2 mm crystal, corresponding to a normalized value of 0.084 nm cm. This is in excellent agreement with the calculated value of 0.0806 nm cm, hence also confirming our calculations of GVM in Fig. 2 .
The spectral acceptance of 0.45 nm for the 2 mm crystal is ϳ20 times smaller than the ϳ9.5 nm measured bandwidth of the 130 fs fundamental pulses, resulting in gain narrowing in the QPM process. However, the relatively short crystal length ensures substantial blue power and efficiency. This implies that despite the large GVM and small spectral acceptance in PPKTP, practical SHG average powers and efficiencies are still attainable for sufficiently short crystal lengths.
We investigated angular acceptance for SHG in PPKTP using the same arrangement as for spectral acceptance measurements. The results at a wavelength of 845 nm are shown in Fig. 4 . The FWHM external angular acceptance for the 2 mm crystal is 5°, corresponding to a normalized value of 1°.cm. It is interesting to note that the familiar sinc 2 function is in this case modified by the grating effect, resulting in a somewhat top-hat profile. The angular acceptance can be translated into the sensitivity of the QPM SHG to grating 
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Fayaz, Ghotbi, and Ebrahim-Zadeh Appl. Phys. Lett. 86, 061110 ͑2005͒ period variation. From our measured value of angular acceptance bandwidth, the 2.5°half-width rotation results in an increase in grating period of only 0.001 µm, demonstrating the high sensitivity of the QPM process to grating period, as expected. We also performed temperature tuning measurements of SHG output by heating the PPKTP crystal from room temperature to ϳ200°C. This led to an increase in the blue wavelength from 422.4 nm to 427.2 at a tuning rate of 0.027 nm/°C. Temporal characterization of the blue pulses was also preformed using cross-correlation measurements of the fundamental and second harmonic pulses in a 500 µm thick crystal of ␤-BaB 2 O 4 . The data were obtained using an AlGaN detector, resulting in background-free intensity profiles. A representative cross-correlation profile at a wavelength of 423 nm is shown in Fig. 5 . The horizontal scale is corrected for ϳ20% pulse broadening due to group velocity dispersion ͑ϳ68, 195, 384 fs 2 / mm at 845, 423, 282 nm͒ and mismatch ͑GVM ϳ284 fs/ mm between 845 nm and 423 nm pulses͒ in the 500 µm ␤-BaB 2 O 4 crystal. The cross-correlation profile is indicative of blue pulse duration of 700-800 fs, confirming substantial pulse broadening from the 130 fs fundamental pulses. This observation is consistent with the large GVM and relatively small spectral acceptance of PPKTP in this spectral range.
We expect that the use of crystals shorter than 2 mm will result in further enhancement in SHG power and efficiency by accommodating increased fundamental pulse bandwidths. The effects of GVM and spectral acceptance in PPKTP may also be further curtailed by the suitable design of nonperiodic grating structures to broaden the QPM gain line shape and bandwidth. An example of such a grating is shown in Fig. 6 , together with the resulting gain line shape. The grating is comprised of 20 sections of equal length ͑L = 100 m͒, with each section containing a uniform grating. The grating period increases in increments of 0.005 µm, from ⌳ 1 = 3.950 m in the first section to ⌳ 20 = 4.050 m in the final section. The effect of this grating structure is to increase the gain bandwidth by a factor of ϳ4.5 compared with the uniform 4 µm grating. However, there is a reduction in overall gain by a factor of ϳ8.7 from the uniform grating, but this may be more than compensated for by the much reduced GVM. On the other hand, such a grating structure could be attractive for use with high-energy ͑µJ, mJ͒ femtosecond fundamental pulses derived from amplified pump sources. Such a grating may, however, be beyond the capabilities of present poling technology for QPM materials.
In conclusion we have demonstrated practical generation of tunable femtosecond pulses in the blue in PPKTP at average powers of 320 mW and conversion efficiencies of 20%, despite the limitation of high GVM and small spectral acceptance for phase mathcing in PPKTP. We have presented calculations of spectral acceptance and GVM, as well as angular acceptance bandwidth, in PPKTP. Accurate experimental measurements of these parameters have also confirmed excellent agreement with the calculations. We expect that with the use of shorter crystals and antireflection-coated end facets that there is scope for further enhancement of secondharmonic output powers and increased efficiency.
M.E.-Z. gratefully acknowledges personal support of the Institucio Catalana de Recerca I Estudis Avancats ͑ICREA͒, Spain. FIG. 6. ͑a͒ Nonperiodic grating structure in a 2 mm PPKTP crystal for enhanced spectral acceptance and reduced GVM, and ͑b͒ the corresponding gain profile compared with the sinc 2 function for a periodic grating.
